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1. INTRODUCTION {#jcmm14008-sec-0001}
===============

Invariant natural killer T (iNKT) cells belong to a noval and relatively rare subpopulation of T lymphocytes that are characterized by a semi‐invariant T‐cell receptor α‐chain (Vα14‐Jα18 in mice and Vα24‐Jα18 in humans) and NK cell markers, NK1.1.[1](#jcmm14008-bib-0001){ref-type="ref"}, [2](#jcmm14008-bib-0002){ref-type="ref"} Invariant natural killer T cells have the capacity to recognize glycolipid antigens, presented by the non‐polymorphic major histocompatibility complex class I‐related molecule CD1d.[2](#jcmm14008-bib-0002){ref-type="ref"}, [3](#jcmm14008-bib-0003){ref-type="ref"} It has been identified that iNKT cells recognize α‐galactosylceramide (α‐GalCer), a potent and specific glycolipid originally derived from marine sponges.[4](#jcmm14008-bib-0004){ref-type="ref"} When activated, iNKT cells are able to promptly secrete copious amounts of cytokines, including Th1‐type cytokines like interferon (IFN)‐γ and Th2‐type cytokines like interleukin (IL)‐4, IL‐5 and IL‐13, within hours.[5](#jcmm14008-bib-0005){ref-type="ref"}, [6](#jcmm14008-bib-0006){ref-type="ref"} Through this ability, the activated iNKT cells can regulate various immune pathways, thus, are considered to be an immunomodulatory T‐cell subset, bridging innate and adaptive immune responses.[5](#jcmm14008-bib-0005){ref-type="ref"}, [6](#jcmm14008-bib-0006){ref-type="ref"}, [7](#jcmm14008-bib-0007){ref-type="ref"} Recently, iNKT cells activated by α‐GalCer were shown to promote the expansion and suppressive activity of regulatory T (Treg) cells to prevent myasthenia gravis in mice.[8](#jcmm14008-bib-0008){ref-type="ref"} Ronet et al.[9](#jcmm14008-bib-0009){ref-type="ref"} reported that the activation of iNKT cells by the administration of α‐GalCer prior to *Toxoplasma gondii* infection can augment the frequency of IL‐10‐secreting Treg cells to reduce inflammation in ileitis. These findings highlight that iNKT cells have the ability to induce Treg cells, which result in peripheral tolerance. However, much less is known whether α‐GalCer can induce the generation of lung Treg cells through the activation of iNKT cells to promote airway tolerance.

Airway exposure to potential environment allergens can lead to immunological tolerance, and Treg cells play a crucial role in the development of the airway homeostatic state and limiting airway inflammation related to allergic asthma.[10](#jcmm14008-bib-0010){ref-type="ref"}, [11](#jcmm14008-bib-0011){ref-type="ref"} In our previous study, we found that intraperitoneal administration of α‐GalCer had the ability to stimulate iNKT cells, but α‐GalCer‐activated iNKT cells do not elicit airway inflammation in wild‐type (WT) mice in the absence of ovalbumin (OVA) immunization and challenge.[12](#jcmm14008-bib-0012){ref-type="ref"} At present, it is proposed that iNKT cells have the capacity to induce Treg cells, which give rise to peripheral tolerance.[8](#jcmm14008-bib-0008){ref-type="ref"}, [9](#jcmm14008-bib-0009){ref-type="ref"} Thus, it was hypothesized that intraperitoneal administration of α‐GalCer may induce the generation of lung Treg cells through the activation of iNKT cells in naive mice.

To verify this hypothesis, we have investigated the expansion and suppressive activity of lung Treg cells using iNKT cell‐knockout mice and co‐culture experiments in vitro. We also compared airway inflammation and airway hyperresponsiveness (AHR) after α‐GalCer administration in specific anti‐CD25 mAb‐treated mice. Our data demonstrate that intraperitoneal administration of α‐GalCer can induce the generation of lung Treg cells in mice through the release of IL‐2 by the activated iNKT cells.

2. MATERIALS AND METHODS {#jcmm14008-sec-0002}
========================

2.1. Mice {#jcmm14008-sec-0003}
---------

Wild‐type BALB/c mice, 6‐8 week old, were purchased from the Center of Animal Experiment of Wuhan University (Wuhan, China). CD1d‐knockout mice on BALB/c background were obtained from The Jackson Laboratory (Bar Harbor, ME). All mice were female and maintained under environmentally controlled and specific pathogen‐free conditions (22°C, 12 hours light/12 hours dark cycle) at the animal Biosafety Level three Laboratory of the Center of Animal Experiment of Wuhan University (Wuhan, China). All animal care and handling procedures were in accordance with the Institutional Ethics Committee of Wuhan University.

2.2. In vivo administration of α‐GalCer {#jcmm14008-sec-0004}
---------------------------------------

A stock solution of α‐GalCer (KNR7000) (Enzo Life Sciences, Ann Arbor, MI) was diluted into 0.01 mg/mL in 0.5% polysorbate‐20 and stored at −20°C for further study. The intraperitoneal injection was used as the route of administration of α‐GalCer, as previously reported.[13](#jcmm14008-bib-0013){ref-type="ref"} In some experiments, intravenous administration of α‐GalCer was served as control. Mice were intraperitoneally administrated or intravenously injected via tail vein with 2 μg of α‐GalCer. Control mice were intraperitoneally injected with the same amount of 0.5% polysorbate‐20 in PBS alone.

2.3. Airway tolerance and Th2 inflammatory responses {#jcmm14008-sec-0005}
----------------------------------------------------

The protocol was performed according to the report as previously described.[14](#jcmm14008-bib-0014){ref-type="ref"} Briefly, BALB/c mice were intraperitoneally injected with 2 μg of α‐GalCer in 0.5% polysorbate‐20 or the same volume of 0.5% polysorbate‐20 in PBS. After 9 days, mice were immunized by intraperitoneal injection with 50 μg of chicken OVA (grade V; Sigma, St. Louis, MO) adsorbed to 2 mg of aluminium hydroxide (Thermo Scientific Pierce, Rockford, IL). Another 9 days later, mice were challenged with intranasal administration of 50 μg of OVA in PBS on days 18, 19 and 20. Airway hyperresponsiveness was measured 24 hours after the final challenge, and then bronchoalveolar lavage fluid (BALF) and lungs were obtained for further analysis.

2.4. In vivo Ab administration {#jcmm14008-sec-0006}
------------------------------

For selective depletion of CD25^+^ T cells, 500 μg of anti‐CD25 mAb (clone PC61; BD Pharmingen, San Diego, CA) or IgG isotype mAb was intravenously administrated into mice. A total of 150 μg of anti‐IL‐2 mAb (IgG2a, clone S4B6; BD Pharmingen) or IgG isotype mAb was intravenously administrated into mice for initial neutralization of IL‐2. After resting for 72 hours, the mice were intraperitoneally injected with α‐GalCer or PBS. Three days later, mice were killed for further study.

2.5. Quantitative RT‐PCR for FoxP3 and IL‐2 {#jcmm14008-sec-0007}
-------------------------------------------

To determine mRNA expression, total RNA was extracted using TRIzol (Invitrogen, CA), and cDNAs were synthesized with a Revertaid first‐strand cDNA synthesis kit (ShineGene, Shanghai, China). Quantitative real‐time (RT) PCR was accomplished in triplicate with SYBR Green Supermix (ShineGene, Shanghai, China) following the manufacturer\'s instructions. Primers used in PCR are as follows: For FoxP3, forward, 5′‐CCAGATGTTGTGGGTGAGTG‐3′ and reverse, 5′‐AGAGCCCTCACAACCAGCTA‐3′, for IL‐2, forward, 5′‐TGAACTTGGACCTCTGCG‐3′ and reverse, 5′‐ATTGAGGGCTTGTTGAGA‐3′, and GAPDH, forward, 5′‐ATGGGTGTGAACCACGAGA‐3′ and reverse 5′‐CAGGGATGATGTTCTGGGCA‐3′. The data were normalized on the basis of the expression levels of GAPDH, and the interest gene expression was analysed using 2^−▵▵Ct^.

2.6. Splenocytes culture in vitro {#jcmm14008-sec-0008}
---------------------------------

Spleen mononuclear cells (MNCs) (5 × 10^6^ cells/well) from WT mice or CD1d‐knockout mice intraperitoneally treated with α‐GalCer or PBS were cultured together with α‐GalCer (100 ng/mL) in round‐bottom 96‐well plates pre‐bound with anti‐CD3 (2 μg/mL) and anti‐CD28 (2 μg/mL) (all from Becton Dickinson, Franklin Lakes, NJ) in RPMI 1640 complete medium (Invitrogen, CA). Three days later, supernatants were harvested to determine the concentration of IL‐2 by ELISA according to the manufacturer\'s instructions (eBioscience, San Diego, CA). Cellular components were obtained for RNA extraction and the expression of IL‐2 mRNA was determined by quantitative RT‐PCR.

2.7. Isolation of CD4^+^ T cells, CD4^+^ CD25^−^ T cells and CD4^+^ CD25^+^ T cells {#jcmm14008-sec-0009}
-----------------------------------------------------------------------------------

CD4^+^ CD25^+^ T cells were isolated from spleens of mice 72 hours after intraperitoneal or intravenous treatment of α‐GalCer or PBS, whereas CD4^+^ T cells and CD4^+^ CD25^−^ T cells were isolated from spleens of WT mice. For the isolation of CD4^+^ T cells, non‐CD4^+^ T cells were first magnetically labelled and retained in the magnetic activated cell sorting (MACS) columns (Miltenyi Biotec, Auburn, CA), and CD4^+^ T cells were eluted from the column for enrichment. For obtaining CD4^+^ CD25^−^ T cells and CD4^+^ CD25^+^ T cells, the enriched CD4^+^ T cells were labelled, in parallel, with anti‐CD25‐PE. Subsequently, the CD4^+^ T cell fraction was magnetically labelled again with anti‐PE magnetic microbeads and loaded onto a MACS column placed in the magnetic field of a MACS Separator (Miltenyi Biotec) following the manufacturer\'s procedures. CD4^+^ CD25^+^ T cells and CD4^+^ CD25^−^ T cells were harvested for further study.

2.8. CD4^+^ CD25^+^ T cell culture in vitro {#jcmm14008-sec-0010}
-------------------------------------------

CD4^+^ CD25^+^ T cells (1 × 10^5^ cells/well), defined as Treg cells,[15](#jcmm14008-bib-0015){ref-type="ref"} from mice intraperitoneally or intravenously treated with α‐GalCer or PBS in round‐bottom 96‐well plates pre‐bound with anti‐CD3 (2 μg/mL) and anti‐CD28 (2 μg/mL) in RPMI 1640 complete medium. Three days later, supernatants were harvested to determine the concentration of IL‐10 by ELISA according to the manufacturer\'s instructions (eBioscience).

2.9. Assay of suppressive activity of CD4^+^ CD25^+^ T cells {#jcmm14008-sec-0011}
------------------------------------------------------------

CD4^+^ CD25^−^ T cells (1 × 10^5^ cells/well) were used as responder T cells and co‐cultured with CD4^+^ CD25^+^ T cells at the indicated ratio (0:1; 0.5:1; 1:1) of Treg/CD4^+^ CD25^−^ T in round‐bottom 96‐well plates pre‐bound with anti‐CD3 (2 μg/mL) and anti‐CD28 (2 μg/mL) in RPMI 1640 complete medium. Three days later, supernatants were harvested to determine the levels of IL‐4 and IFN‐γ by ELISA according to the manufacturer\'s instructions (eBioscience).

2.10. Invariant natural killer T cell isolation and co‐culture with CD4^+^ CD25^−^ T cells {#jcmm14008-sec-0012}
------------------------------------------------------------------------------------------

To isolate lung iNKT cells, the lungs from WT mice intraperitoneally treated with α‐GalCer were removed, cut into small pieces, digested with collagenase I (1 mg/mL, Invitrogen, CA) at 37°C for 1 hour and filtered via a 100‐μm nylon net filter. The lung MNCs were sorted by centrifugation at 800 ×  *g* for 20 minutes at room temperature in a Lymphoprep gradient (density = 1.081 mg/mL; TBD, Tianjin, China). Invariant natural killer T cells were sorted using magnetic bead purification following the manufacturer\'s instruments (Miltenyi Biotec). The purity of the iNKT cells was examined by flow cytometry for FITC‐TCR‐β cells double‐stained with PE‐PBS57/mCD1d tetramer. Invariant natural killer T cells (1.5 × 10^5^/well) were cultured alone or co‐cultured with the indicated numbers of CD4^+^ CD25^−^ T cells from WT mice in round‐bottom 96‐well plates pre‐bound with anti‐CD3 (2 μg/mL) and anti‐CD28 (2 μg/mL) in RPMI 1640 complete medium and restimulated with α‐GalCer (100 ng/mL) in the presence of anti‐IL‐2 mAb (0.2 μg/mL) or IgG isotype mAb. Three days later, cellular components were obtained, and the number of CD4^+^ FoxP3^+^ T cells and the expression of FoxP3 mRNA were measured by flow cytometry and RT‐PCR respectively. The concentration of IL‐10 in supernatants was measured by ELISA following the manufacturer\'s protocol.

2.11. Flow cytometric analysis {#jcmm14008-sec-0013}
------------------------------

The MNCs from lungs were obtained and resuspended in the fluorescence activated cell sorting (FACS) buffer (1‐2 × 10^6^ cells/mL), and then blocked using anti‐CD16/CD32 antibody (clone 2.4G2; BD Biosciences, San Diego, CA) to avoid non‐specific binding and subsequently labelled with isotype controls or the following antibodies: FITC‐CD4, FITC‐IFN‐γ, FITC‐IL‐4 and PeCy7‐FoxP3, PeCy5‐TCR‐β (eBioscience) and PE‐PBS‐57/mCD1d tetramer (gifted by the Natural Institutes of Health tetramer core facility). Invariant natural killer T cells were determined as PBS‐57/mCD1d tetramer and TCR‐β double‐positive cells. For intracellular cytokine staining, lung MNCs were cultured for 4‐6 hours with 50 ng/mL phorbol 12‐myristate 13‐acetate (PMA) and 500 ng/mL ionomycin in the presence of monensin (1 μL/mL) (all from Sigma). Cells were collected and washed, and then intracellular staining was performed following the manufacturer\'s procedures (eBioscience). Treg cells were measured as CD4^+^ FoxP3^+^ cells. Intracellular staining for FoxP3 was performed using Fix/Perm buffer reagents (eBioscience) according to the manufacturer\'s protocol. Cells were detected by flow cytometry (BD FACSAria III, BD Biosciences) and the acquired data were analysed using FlowJo software (Tree Star, San Carlos, CA).

2.12. Measurement of airway hyperresponsiveness {#jcmm14008-sec-0014}
-----------------------------------------------

Mice were anesthetized and inserted with a 20‐gauge polyethylene catheter, and subsequently mechanical ventilation was performed. Dynamic compliance (Cdyn) and airway resistance (RL) to increasing dosages of aerosolized methacholine (Mch), ranging from 3.12 to 50 mg/mL in PBS, for 3 minutes were determined by the FinePointe RC system (Wilmington, NC) to analyse AHR. Non‐specific airway responsiveness was measured through exposing mice to aerosolized PBS to decide the baseline value.

2.13. Bronchoalveolar lavage and lung histologic analysis {#jcmm14008-sec-0015}
---------------------------------------------------------

Mice were euthanized and lungs were lavaged by a catheter with a total volume of 1.5 mL PBS containing 1 mmol/L sodium EDTA, which was followed by lung resection, as previously described.[12](#jcmm14008-bib-0012){ref-type="ref"} The levels of IL‐2, IL‐4, IL‐5, IL‐10, IL‐13 and IFN‐γ in the supernatants were assessed by ELISA according to the manufacturer\'s instructions (eBioscience). Cells recovered from the BALF were collected and stained with May‐Grunwald Giemsa (Jiancheng, Nanjing, China) for differential cell counting.

The right lungs were excised after bronchoalveolar lavage (BAL) and immediately fixed in 4% buffered paraformaldehyde. Subsequently, the samples were dehydrated and embedded in paraffin. Lung tissue sections were stained using haematoxylin‐eosin (HE) staining to evaluate perivascular and peribronchial inflammation and periodic acid‐Schiff (PAS) staining (Baso, Taiwan, China) to assess goblet cell hyperplasia.

2.14. Statistical analyses {#jcmm14008-sec-0016}
--------------------------

All data are expressed as the mean ± SD. Statistical analyses were performed with a student\'s unpaired *t* test or one‐way ANOVA using GraphPad Prism 5 (GraphPad Software Inc., San Diego, CA) software. *P *\<* *0.05 was considered statistically significant.

3. RESULTS {#jcmm14008-sec-0017}
==========

3.1. Intraperitoneal administration of α‐GalCer could promote IL‐10 production through the activation of invariant natural killer T cells in wild‐type mice {#jcmm14008-sec-0018}
-----------------------------------------------------------------------------------------------------------------------------------------------------------

α‐galactosylceramide, a specific and potent stimulant for iNKT cells, can activate iNKT cells to promote the production of Th1 and Th2 cytokines, such as IL‐4 and IFN‐γ.[5](#jcmm14008-bib-0005){ref-type="ref"}, [6](#jcmm14008-bib-0006){ref-type="ref"} As shown in Figure [1](#jcmm14008-fig-0001){ref-type="fig"}, intraperitoneal administration of α‐GalCer could enhance the number of lung iNKT cells in WT mice (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}A, B), and also promote the secretion of IL‐4 and IFN‐γ in lung iNKT cells (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}C, D), compared with WT mice treated with PBS (*P *\<* *0.01). Next, we sought to evaluate the effect of intraperitoneal administration of α‐GalCer on cytokine production in the BALF from WT mice. As outlined in Figure [1](#jcmm14008-fig-0001){ref-type="fig"}, intraperitoneal administration of α‐GalCer had no significant effect on the concentrations of IL‐4, IL‐5, IL‐13 and IFN‐γ in the BALF, compared with PBS administration (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}E, F) (*P *\>* *0.05). Surprisingly, the level of IL‐10 in the BALF was obviously higher in WT mice intraperitoneally treated with α‐GalCer, compared with PBS treatment (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}G) (*P *\<* *0.01). Furthermore, our findings showed that no significant difference was found in the number of lung iNKT cells, lung IFN‐γ^+^ iNKT cells and lung IL‐4^+^ iNKT cells, as well as the levels of cytokines (IL‐4, IL‐5, IL‐13, IFN‐γ and IL‐10) in the BALF between WT mice intraperitoneally and intravenously treated with α‐GalCer (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}A‐G) (*P *\>* *0.05). Taken together, these results suggested that intraperitoneal administration of α‐GalCer could promote IL‐10 production in the BALF in WT mice.

![Intraperitoneal administration of α‐galactosylceramide (α‐GalCer) could promote IL‐10 through the activation of iNKT cells in WT mice. A, Lung iNKT cells from WT mice intraperitoneally (ip.) or intravenously (iv.) treated with α‐GalCer or intraperitoneally treated with PBS were determined using flow cytometry. The gating used for lung iNKT cells (PBS‐57/mCD1d^+^ TCR‐β^+^) (gate P2) and the corresponding percentages are indicated in each dot plot. B, Percentages of lung iNKT cells in lung MNCs were determined. C, IFN‐γ (top) and IL‐4 (bottom) production in lung iNKT cells from WT mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS were determined. The numbers above the parentheses showed the percentage of positive cells. D, Percentages of IFN‐γ‐ and IL‐4‐producing lung iNKT cells of WT mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS. E, The levels of IL‐4, IL‐5 and IL‐13 in the bronchoalveolar lavage fluid (BALF) from WT mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS. F, The concentration of IFN‐γ in the BALF from WT mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS. G, The concentration of IL‐10 in the BALF from WT mice and CD1d^−/−^ mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS. H, The effect of intraperitoneal administration of α‐GalCer on the concentration of IL‐10 in the BALF from WT mice with anti‐CD25 mAb or IgG isotype treatment. Data are shown as mean ± SD of three independent experiments (n = 18) and one representative experiment is indicated. \*\**P *\<* *0.01. NS, not significant](JCMM-23-1072-g001){#jcmm14008-fig-0001}

To determine whether the enhanced concentration of IL‐10 by α‐GalCer in the BALF was dependent on iNKT cells, the level of IL‐10 in the BALF from WT or CD1d‐knockout mice with intraperitoneal administration of α‐GalCer was measured by ELISA. Our data showed that the concentration of IL‐10 in the BALF was markedly higher in WT mice treated with α‐GalCer than that in CD1d‐knockout mice treated with α‐GalCer (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}G) (*P *\<* *0.01). However, the level of IL‐10 in the BALF was similar between CD1d‐knockout mice treated with α‐GalCer or PBS (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}G) (*P *\>* *0.05). Furthermore, we found that the level of IL‐10 in the BALF was similar in WT and CD1d‐knockout mice intraperitoneally and intravenously treated with α‐GalCer (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}G) (*P *\>* *0.05). Thus, these data demonstrated that α‐GalCer‐enhanced IL‐10 production in the BALF was dependent on iNKT cells.

Treg cells can produce IL‐10, a major suppressive cytokine, during the development of immune tolerance.[16](#jcmm14008-bib-0016){ref-type="ref"} To evaluate whether IL‐10 is specifically related to Treg cells, the concentration of IL‐10 in the BALF from WT mice treated with anti‐CD25 mAb or IgG isotype mAb 72 hours before intraperitoneal administration of α‐GalCer was measured by ELISA. The concentration of IL‐10 in the BALF from WT mice treated with anti‐CD25 mAb was significantly reduced in comparison to WT mice treated with IgG isotype (Figure [1](#jcmm14008-fig-0001){ref-type="fig"}H) (*P *\<* *0.01). Hence, our findings showed that α‐GalCer‐enhanced IL‐10 production in the BALF was probably related to Treg cells in WT mice.

3.2. Intraperitoneal administration of α‐GalCer could enhance the expression of FoxP3 mRNA and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung through the activation of iNKT cells {#jcmm14008-sec-0019}
---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CD4^+^ FoxP3^+^ Treg cells represent the principal Treg cell populations and FoxP3 is defined as the master regulator of Treg cells.[17](#jcmm14008-bib-0017){ref-type="ref"}, [18](#jcmm14008-bib-0018){ref-type="ref"} To assess whether intraperitoneal administration of α‐GalCer may affect the expression of FoxP3 mRNA and percentages of CD4^+^ FoxP3^+^ Treg cells in the lung, the expression of FoxP3 mRNA and number of CD4^+^ FoxP3^+^ Treg cells in the lung from WT mice with intraperitoneal administration of α‐GalCer were examined. As shown in Figure [2](#jcmm14008-fig-0002){ref-type="fig"}, the expression of FoxP3 mRNA in the lung and frequency of lung Treg cells were obviously higher in WT mice intraperitoneally treated with α‐GalCer, compared with PBS treatment (Figure [2](#jcmm14008-fig-0002){ref-type="fig"}A‐C) (*P *\<* *0.05 or *P *\<* *0.01). Furthermore, our findings showed that no difference was detected in the expression of FoxP3 mRNA in the lung and frequency of lung Treg cells between WT mice intraperitoneally and intravenously treated with α‐GalCer (Figure [2](#jcmm14008-fig-0002){ref-type="fig"}A‐C) (*P *\>* *0.05). Thus, intraperitoneal administration of α‐GalCer could enhance the expression of FoxP3 mRNA and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung from WT mice.

![Intraperitoneal administration of α‐GalCer could enhance the expression of FoxP3 mRNA and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung through the activation of iNKT cells in mice. A, Expression of FoxP3 mRNA of lung tissues from WT mice and CD1d‐knockout (CD1d^−/−^) mice intraperitoneally (ip.) or intravenously (iv.) treated with α‐GalCer or intraperitoneally treated with PBS was detected by quantitative RT‐PCR. B, Lung Treg cells were confirmed by CD4 and FoxP3 staining in WT mice or CD1d^−/−^ mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS using flow cytometry. The gating used for Treg cells (CD4^+^ FoxP3^+^ Treg cells) (gate P2) and the corresponding percentages are indicated in each dot plot. C, Percentages of lung Treg cells (CD4^+^ FoxP3^+^ Treg cells) in WT mice or CD1d^−/−^ mice intraperitoneally or intravenously treated with α‐GalCer or intraperitoneally treated with PBS. Data are shown as mean ± SD of three independent experiments (n = 18), and one representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01. NS, not significant](JCMM-23-1072-g002){#jcmm14008-fig-0002}

To further determine whether iNKT cells are responsible for the elevated expression of FoxP3 mRNA and expansion of CD4^+^ FoxP3^+^ Treg cells induced by α‐GalCer, the expression of FoxP3 mRNA and number of CD4^+^ FoxP3^+^ Treg cells in the lung from CD1d‐knockout mice with intraperitoneal administration of α‐GalCer or PBS were measured. Interestingly, there was no significant difference in the expression of FoxP3 mRNA and number of CD4^+^ FoxP3^+^ Treg cells in the lung between CD1d‐knockout mice treated with α‐GalCer and PBS (Figure [2](#jcmm14008-fig-0002){ref-type="fig"}A‐C) (*P *\>* *0.05). In addition, WT mice with α‐GalCer treatment showed a significant increase in the expression of FoxP3 mRNA and number of CD4^+^ FoxP3^+^ Treg cells in the lung, compared with CD1d‐knockout mice treated with α‐GalCer (Figure [2](#jcmm14008-fig-0002){ref-type="fig"}A‐C) (*P *\<* *0.05 or *P *\<* *0.01). Further, we found that the expression of FoxP3 mRNA in the lung and frequency of lung Treg cells in CD1d‐knockout mice intraperitoneally and intravenously administrated with α‐GalCer were similar (Figure [2](#jcmm14008-fig-0002){ref-type="fig"}A‐C) (*P *\>* *0.05). Thus, these data indicated that intraperitoneal administration of α‐GalCer could enhance the expression of FoxP3 mRNA and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung through the activation of iNKT cells in WT mice.

3.3. α‐GalCer did not alter IL‐10 production and suppressive activity of CD4^+^ CD25^+^ T cells in vitro {#jcmm14008-sec-0020}
--------------------------------------------------------------------------------------------------------

To assess IL‐10 production from CD4^+^ CD25^+^ T cells in WT mice and CD1d‐knockout mice intraperitoneally treated with α‐GalCer or PBS, CD4^+^ CD25^+^ T cells were cultured in vitro for 72 hours, and the supernatants were collected to measure the concentration of IL‐10 by ELISA. We observed that IL‐10 production in the supernatants from WT mice treated with α‐GalCer was not markedly elevated, compared with WT mice treated with PBS (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}A) (*P *\>* *0.05), and IL‐10 production in the supernatants was similar between CD1d‐knockout mice treated with α‐GalCer and PBS (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}A) (*P *\>* *0.05). Surprisingly, there was no significant difference in the concentration of IL‐10 in the supernatants between WT mice and CD1d‐knockout mice treated with α‐GalCer (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}A) (*P *\>* *0.05).

![α‐GalCer could not alter IL‐10 production and suppressive activity of Treg cells in vitro. A, Spleen Treg cells from WT mice and CD1d^−/−^ mice treated with intraperitoneal (ip.) or intravenous (iv.) injection of α‐GalCer or intraperitoneal injection of PBS were cultured in vitro for 3 days, and then the concentration of IL‐10 in the supernatants was determined by ELISA. B, CD4^+^ CD25^−^ T cells co‐cultured with the indicated ratio of Treg cells from WT mice or CD1d^−/−^ mice treated with α‐GalCer or PBS for 3 days. The potency of the Treg‐mediated suppression was expressed as the relative inhibition of cytokine (IFN‐γ and IL‐4) production for each Treg/CD4^+^ CD25^−^ T ratio. Data are shown as mean ± SD of three independent experiments (n = 15), and one representative experiment is indicated. NS, not significant](JCMM-23-1072-g003){#jcmm14008-fig-0003}

To further evaluate the suppressive capacity of CD4^+^ CD25^+^ T cells, CD4^+^ CD25^−^ T cells co‐cultured with the indicated ratio of CD4^+^ CD25^+^ T cells from WT mice and CD1d‐knockout mice intraperitoneally treated with α‐GalCer or PBS. As outlined in Figure [3](#jcmm14008-fig-0003){ref-type="fig"}, the suppressive influences of Treg cells on cytokine production were gradually enhanced with increasing numbers of Treg cells. Similar to CD4^+^ CD25^+^ T cells from WT mice treated with PBS, CD4^+^ CD25^+^ T cells from CD1d‐knockout mice treated with PBS could inhibit the secretion of IL‐4 and IFN‐γ from CD4^+^ CD25^−^ T cells (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}B) (*P *\>* *0.05). Interestingly, the suppressive capacity of CD4^+^ CD25^+^ T cells from WT mice and CD1d‐knockout mice treated with α‐GalCer on production of cytokines was also similar (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}B) (*P *\>* *0.05).

Furthermore, our data indicated that no difference was detected in the IL‐10 production and suppressive ability of CD4^+^ CD25^+^ T cells between WT mice with intraperitoneal and intravenous administration of α‐GalCer (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}A, B) (*P *\>* *0.05). Additionally, the IL‐10 production and suppressive ability of CD4^+^ CD25^+^ T cells were similar between CD1d‐knockout mice with intraperitoneal and intravenous administration of α‐GalCer (Figure [3](#jcmm14008-fig-0003){ref-type="fig"}A, B) (*P *\>* *0.05).

Taken together, Treg cells retained their IL‐10 production and suppressive ability in vitro regardless of the presence or absence of invariant natural killer T cells activated by α‐GalCer.

3.4. Intraperitoneal administration of α‐GalCer could induce airway inflammation and airway hyperresponsiveness in wild‐type mice treated with anti‐CD25 mAb {#jcmm14008-sec-0021}
------------------------------------------------------------------------------------------------------------------------------------------------------------

Given the findings that anti‐CD25 mAb administration can lead to functional inactivation of Treg cells in vivo,[19](#jcmm14008-bib-0019){ref-type="ref"}, [20](#jcmm14008-bib-0020){ref-type="ref"} we next investigated whether intraperitoneal administration of α‐GalCer could induce airway inflammation and AHR in WT mice intravenously treated with anti‐CD25 mAb. Our results indicated that intraperitoneal administration of α‐GalCer could result in increased inflammatory cell infiltration in the respiratory tract (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}A), increased number of total cells and eosinophils in the BALF (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}B) (*P *\<* *0.01) and elevated levels of IL‐4, IL‐5 and IL‐13 in the BALF (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}C) (*P *\<* *0.05 or *P *\<* *0.01), but no PAS‐positive goblet cells in the airway epithelium were observed in WT mice treated with anti‐CD25 mAb or with IgG isotype mAb (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}A). However, no difference was found in the levels of IL‐4, IL‐5 and IL‐13 between control group and IgG isotype mAb treatment group (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}C) (*P *\>* *0.05). In addition, our findings indicated that intraperitoneal administration of α‐GalCer could induce enhanced RL to Mch in WT mice treated with anti‐CD25 mAb, compared with WT mice treated with IgG isotype mAb (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}D) (*P *\<* *0.05 or *P *\<* *0.01). However, no difference was observed in terms of Cdyn between the two groups (Figure [4](#jcmm14008-fig-0004){ref-type="fig"}D) (*P *\>* *0.05). Collectively, these data showed that intraperitoneal administration of α‐GalCer could induce airway inflammation and AHR in WT mice intravenously treated with anti‐CD25 mAb.

![Intraperitoneal administration of α‐GalCer could induce airway inflammation and airway hyperresponsiveness (AHR) in WT mice treated with anti‐CD25 mAb. A, Histopathological analysis of lung tissue from anti‐CD25 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS using haematoxylin and eosin (HE) staining and periodic acid‐Schiff (PAS) staining. B, Total cell and differential cell counting in the BALF from anti‐CD25 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS. Tot, total cell counts; Eos, eosinophils; Neu, neutrophils; Mar, macrophages; Lym, lymphocytes. C, The concentrations of IL‐4, IL‐5, IL‐13, and IFN‐γ in the BALF from anti‐CD25 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS. Data are shown as mean ± SD of three independent experiments (n = 18), and one representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01. NS, not significant. D, Airway response to increasing concentrations of methacholine (Mch) was examined. Data are expressed as mean ± SD of three independent experiments (n = 5), and one representative experiment is indicated. Significant differences between anti‐CD25 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS are shown as \**P *\<* *0.05 and \*\**P *\<* *0.01](JCMM-23-1072-g004){#jcmm14008-fig-0004}

3.5. Intraperitoneal administration of α‐GalCer could promote IL‐2 production and expression of IL‐2 mRNA through the activation of invariant natural killer T cells in mice {#jcmm14008-sec-0022}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

IL‐2 is primarily produced by antigen‐activated CD4^+^ T cells, to a lower extent, but also by NKT cells, CD8^+^ T cells, activated dendritic cells and mast cells.[21](#jcmm14008-bib-0021){ref-type="ref"}, [22](#jcmm14008-bib-0022){ref-type="ref"} To determine whether α‐GalCer could promote IL‐2 production by iNKT cells, BALF and splenocyte from WT or CD1d‐knockout mice were obtained 72 hours after intraperitoneal administration of α‐GalCer or PBS. Our data revealed that intraperitoneal administration of α‐GalCer could enhance the level of IL‐2 in the BALF and splenocyte culture supernatants (Figure [5](#jcmm14008-fig-0005){ref-type="fig"}A, B), as well as the expression of IL‐2 mRNA in culture cellular components (Figure [5](#jcmm14008-fig-0005){ref-type="fig"}C) from WT mice, compared with WT mice treated with PBS (*P *\<* *0.05 or *P *\<* *0.01). However, no difference was observed in the concentration of IL‐2 in the BALF and splenocyte culture supernatants, as well as the expression of IL‐2 mRNA in culture cellular components between CD1d‐knockout mice intraperitoneally treated with α‐GalCer and with PBS (Figure [5](#jcmm14008-fig-0005){ref-type="fig"}A‐C) (*P *\>* *0.05). Furthermore, the level of IL‐2 in the BALF and splenocyte culture supernatants, and expression of IL‐2 mRNA in culture cellular components from WT mice intraperitoneally treated with α‐GalCer were higher than those in CD1d‐knockout mice intraperitoneally treated with α‐GalCer (Figure [5](#jcmm14008-fig-0005){ref-type="fig"}A‐C) (*P *\<* *0.05 or *P *\<* *0.01). Thus, these results suggested that intraperitoneal administration of α‐GalCer could promote IL‐2 production and expression of IL‐2 mRNA, which requires iNKT cells in WT mice.

![Intraperitoneal administration of α‐GalCer could promote IL‐2 production and expression of IL‐2 mRNA through the activation of iNKT cells in mice. A, BALF were collected from WT mice and CD1d^−/−^ mice intraperitoneally treated with α‐GalCer or PBS, and IL‐2 production was analysed by ELISA. B, Culture supernatants of splenocytes were collected and IL‐2 production was analysed by ELISA. C, Cellular components of culture solution were obtained for RNA extracting and the expression of IL‐2 mRNA was detected by quantitative RT‐PCR. Data are shown as mean ± SD of three independent experiments (n = 18), and one representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01. NS, not significant](JCMM-23-1072-g005){#jcmm14008-fig-0005}

3.6. Anti‐IL‐2 mAb administration could reduce the number of Treg cells, but did not alter the suppressive function of Treg cells in WT mice intraperitoneally treated with α‐GalCer {#jcmm14008-sec-0023}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

The IL‐2 signal plays a major role in driving the development of CD4^+^ FoxP3^+^ Treg cells and is required for the competence of suppressor function and stability of Treg cells.[21](#jcmm14008-bib-0021){ref-type="ref"}, [23](#jcmm14008-bib-0023){ref-type="ref"}, [24](#jcmm14008-bib-0024){ref-type="ref"} Therefore, we sought to explore whether intravenous administration of anti‐IL‐2 mAb could reduce the number and function of Treg cells in WT mice intraperitoneally treated with α‐GalCer. As shown in Figure [6](#jcmm14008-fig-0006){ref-type="fig"}, anti‐IL‐2 mAb administration could significantly reduce the number of lung Treg cells in WT mice intraperitoneally treated with α‐GalCer, compared with IgG isotype mAb administration (Figure [6](#jcmm14008-fig-0006){ref-type="fig"}A, B) (*P *\<* *0.05). Interestingly, no difference in the concentrations of IL‐4 and IFN‐γ in the culture supernatants was found between these two groups (Figure [6](#jcmm14008-fig-0006){ref-type="fig"}C) (*P *\>* *0.05). Together, these results suggested that anti‐IL‐2 mAb administration could reduce the number of lung Treg cells in WT mice intraperitoneally treated with α‐GalCer, but not change the suppressive function of Treg cells in vitro.

![Anti‐IL‐2 mAb administration could reduce the number of Treg cells, but did not alter the suppressive function of Treg cells in WT mice intraperitoneally treated with α‐GalCer. A, Lung Treg cells were confirmed by CD4 and FoxP3 staining in anti‐IL‐2 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS using flow cytometry. The gating used for Treg cells (CD4^+^ FoxP3^+^ Treg cells) (gate P2) and the corresponding percentages are shown in each dot plot. B, Percentages of lung Treg cells in anti‐IL‐2 mAb‐ or IgG isotype mAb‐treated WT mice intraperitoneally administrated with α‐GalCer or PBS. C, CD4^+^ CD25^−^ T cells co‐cultured with the indicated ratio of spleen Treg cells isolated from mice for 3 days. The potency of the Treg‐mediated suppression was expressed as the relative inhibition of cytokine (IFN‐γ and IL‐4) production for each Treg/CD4^+^ CD25^−^ T ratio. Data are shown as mean ± SD of three independent experiments (n = 18), and one representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01](JCMM-23-1072-g006){#jcmm14008-fig-0006}

3.7. Treg cells induced by invariant natural killer T cells activated by intraperitoneal administration of α‐GalCer involved in IL‐2 in vitro {#jcmm14008-sec-0024}
---------------------------------------------------------------------------------------------------------------------------------------------

To directly investigate the contribution of IL‐2 to the generation of Treg cells induced by α‐GalCer‐activated iNKT cells, we co‐cultured freshly sorted iNKT cells from WT mice intraperitoneally treated with α‐GalCer and CD4^+^ CD25^−^ T cells from naive WT mice in the presence of anti‐IL‐2 mAb or IgG isotype mAb. As indicated in Figure [7](#jcmm14008-fig-0007){ref-type="fig"}A, the purity of iNKT cells, that is, PBS‐57/mCD1d tetramer^+^ TCR‐β^+^ cells, was over 94%. It was found that the anti‐IL‐2 mAb treatment significantly reduced the frequency of CD4^+^ FoxP3^+^ Treg cells in CD4^+^ CD25^−^ T cells (Figure [7](#jcmm14008-fig-0007){ref-type="fig"}B, C) and the expression of FoxP3 mRNA of culture cellular components (Figure [7](#jcmm14008-fig-0007){ref-type="fig"}D), compared with IgG isotype mAb treatment (*P *\<* *0.05 or *P *\<* *0.01). Furthermore, the level of IL‐10 in the culture supernatants with anti‐IL‐2 mAb treatment was also markedly reduced, compared with IgG isotype mAb treatment (Figure [7](#jcmm14008-fig-0007){ref-type="fig"}E) (*P *\<* *0.01). To exclude the possibility that iNKT cells were responsible for the enhanced concentration of IL‐10 in the culture supernatant from the iNKT cells‐CD4^+^ CD25^−^ T cells co‐culture, lung iNKT cells from WT mice intraperitoneally administrated with α‐GalCer were cultured alone. Our result showed that IL‐10 secretion was very limited in the culture supernatant (Figure [7](#jcmm14008-fig-0007){ref-type="fig"}E). Therefore, these results suggested that the generation of Treg cells induced by iNKT cells activated by intraperitoneal administration of α‐GalCer probably involved in IL‐2 in vitro.

![Treg cells induced by α‐GalCer‐activated iNKT cells involved in IL‐2 in vitro. A, Flow cytometry was used to determine the purity of lung iNKT cells, which was stained with both PBS‐57/mCD1d tetramers and a monoclonal antibody against TCR‐β (ie, the proportion of iNKT cells was over 94%). B, Treg cells of cellular components in culture solution were determined by CD4 and FoxP3 staining using flow cytometry. The gating used for Treg cells (CD4^+^ FoxP3^+^ Treg cells) (gate P2) and the corresponding percentages are indicated in each dot plot. C, The percentages of Treg cells from cellular components of culture solution. D, Expression of FoxP3 mRNA of cellular components of culture solution was detected by quantitative RT‐PCR. E, The concentration of IL‐10 in culture supernatants was determined by ELISA. Data are shown as mean ± SD of 3 independent experiments (n = 15), and 1 representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01](JCMM-23-1072-g007){#jcmm14008-fig-0007}

3.8. ɑ‐GalCer administration had the capacity to inhibit airway inflammation and airway hyperresponsiveness induced by ovalbumin {#jcmm14008-sec-0025}
--------------------------------------------------------------------------------------------------------------------------------

Finally, we addressed whether intraperitoneal administration of α‐GalCer may induce airway tolerance. The protocol of α‐GalCer administration and OVA immunization/challenge were shown in the Figure [8](#jcmm14008-fig-0008){ref-type="fig"}A. Our findings showed that intraperitoneal administration of α‐GalCer could significantly inhibit the subsequent initiation of airway inflammation as reflected by markedly reduced inflammatory cell infiltration in the airways (Figure [8](#jcmm14008-fig-0008){ref-type="fig"}B), reduced mucus production and PAS‐positive goblet cells in the epithelium of the airways (Figure [8](#jcmm14008-fig-0008){ref-type="fig"}B), and significantly reduced number of eosinophils, macrophages and total cells and strongly decreased concentration of IL‐4, IL‐5 and IL‐13 in the BALF (Figure [8](#jcmm14008-fig-0008){ref-type="fig"}C) (*P *\<* *0.05 or *P *\<* *0.01). Meanwhile, AHR was significantly reduced, showing that reduced RL to Mch was found in mice intraperitoneally administrated with α‐GalCer, compared with PBS (Figure [8](#jcmm14008-fig-0008){ref-type="fig"}D) (*P *\<* *0.05 or *P *\<* *0.01). Furthermore, our results revealed that the number of CD4^+^ FoxP3^+^ Treg cells was significantly enhanced in mice treated intraperitoneally with α‐GalCer, compared with PBS (data not shown). Collectively, our data suggested that α‐GalCer administration had the capacity to suppress the induction of airway inflammation and AHR upon following exposure to allergen.

![ɑ‐GalCer administration had the capacity to inhibit airway inflammation and AHR induced by ovalbumin (OVA). A, Timeline of the OVA/alum sensitization and OVA challenge protocol and the names of the administration groups (α‐GalCer or PBS). AHR was measured, and then the lung and BALF were obtained 24 h after the final OVA challenge. B, HE and PAS staining of lung sections. C, Total cell, differential cell counting, and the concentrations of cytokines (IL‐4, IL‐5, and IL‐13) in the BALF. Tot, total cell counts; Eos, eosinophils; Neu, neutrophils; Mar, macrophages; Lym, lymphocytes. Data are shown as mean ± SD of 3 independent experiments (n = 18), and 1 representative experiment is indicated. \**P *\<* *0.05; \*\**P *\<* *0.01. D, Airway response to increasing concentrations of Mch was examined. Data are expressed as mean ± SD of three independent experiments (n = 5), and one representative experiment is indicated. Significant differences are shown as \**P *\<* *0.05 and \*\**P *\<* *0.01](JCMM-23-1072-g008){#jcmm14008-fig-0008}

4. DISCUSSION {#jcmm14008-sec-0026}
=============

The findings of this study demonstrate that intraperitoneal administration of α‐GalCer can promote IL‐10 production and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung of WT mice, but not CD1d‐knockout mice. However, in vitro culture experiment showed that the activation of iNKT cells do not alter the suppressive activity of CD4^+^ FoxP3^+^ Treg cells. Meanwhile, the functional inactivation of CD4^+^ CD25^+^ Treg cells can induce AHR and airway inflammation in WT mice intraperitoneally treated with α‐GalCer. Furthermore, intraperitoneal administration of α‐GalCer can augment production of IL‐2 in WT mice, but not CD1d‐knockout mice. Moreover, neutralization of IL‐2 can reduce the expansion of lung CD4^+^ FoxP3^+^ Treg cells in vivo and in vitro. Finally, our preliminary findings showed that ɑ‐GalCer administration has the capacity to suppress the induction of airway inflammation and AHR upon following exposure to allergen. Taken together, these results indicate that intraperitoneal administration of α‐GalCer can promote the generation of lung CD4^+^ FoxP3^+^ Treg cells in mice through the release of IL‐2 by the activated iNKT cells.

α‐GalCer, a specific and potent stimulant for iNKT cells, can activate iNKT cells to promote the production of Th1 and Th2 cytokines, such as IL‐4, IL‐13 and IFN‐γ, and thereby modulate a diverse array of immune‐related diseases, including autoimmune disorders, tumour and infection.[5](#jcmm14008-bib-0005){ref-type="ref"}, [6](#jcmm14008-bib-0006){ref-type="ref"}, [7](#jcmm14008-bib-0007){ref-type="ref"} Many studies use mouse models of iNKT cell deficiency to investigate the role of iNKT cells. One model directly targets *J*α*18* (also called *Traj18*), which is needed for iNKT‐TCR formation.[25](#jcmm14008-bib-0025){ref-type="ref"} Therefore, *Traj18* ^−/−^ mice are solely devoid of iNKT cells (also called type I NKT cells). However, the diversity of the overall TCR repertoire is impaired in *Traj18* ^−/−^ mice, leading to an almost 60% reduction in the TCRα repertoire diversity.[26](#jcmm14008-bib-0026){ref-type="ref"} It is likely that the lower diversity of overall αβ TCR from the original *Traj18* ^−/−^ mice contribute to the divergent results that have been addressed by some of the studies that utilized the mice.[27](#jcmm14008-bib-0027){ref-type="ref"} Another model utilizes mice deficient in CD1d, which is necessary for NKT cell development.[28](#jcmm14008-bib-0028){ref-type="ref"}, [29](#jcmm14008-bib-0029){ref-type="ref"}, [30](#jcmm14008-bib-0030){ref-type="ref"} Thus, CD1d deficient (CD1d^−/−^) mice lack both iNKT cells and type II NKT cells. Recently, a new *Traj18* ^−/−^ mice have been prepared by transcription activator‐like effector nuclease (TALEN) methodology.[31](#jcmm14008-bib-0031){ref-type="ref"} Zhang et al. [31](#jcmm14008-bib-0031){ref-type="ref"} showed that TALEN‐*Traj18* ^−/−^ mice (called Jα18 (−10) mice in their paper) lack iNKT cells, and preserve the Jα diversity of the WT animal. However, type Ib NKT cells (also called Vα10 NKT cells) were found in TALEN‐*Traj18* ^−/−^ mice.[31](#jcmm14008-bib-0031){ref-type="ref"} Type Ib NKT cells are another rare population of α‐GalCer‐reactive NKT cells, and have the capacity to secrete large amounts of a range of cytokines.[32](#jcmm14008-bib-0032){ref-type="ref"} By contrast, type Ib NKT cells were absent from CD1d^−/−^ mice.[31](#jcmm14008-bib-0031){ref-type="ref"}, [32](#jcmm14008-bib-0032){ref-type="ref"} As such, our present study uses CD1d^−/−^ mice to investigate whether iNKT cells activated by α‐GalCer contribute to the generation of lung Treg cells induced by α‐GalCer. In our previous and present study, intraperitoneal injection of α‐GalCer can induce the activation of lung iNKT cells, but the activation of iNKT cells by α‐GalCer do not result in airway inflammation in WT mice without OVA sensitization and challenge.[12](#jcmm14008-bib-0012){ref-type="ref"} As reported by Meyer et al., it seemed that the activation state of iNKT cells may play an important role in the pathogeneses of AHR and airway inflammation, and that α‐GalCer can lead to iNKT cell anergy, which can suppress the subsequent initiation of AHR and airway inflammation in WT mice.[33](#jcmm14008-bib-0033){ref-type="ref"} At present, it has been well defined that CD4^+^ CD25^+^ Treg cells can suppress the expansion, activation or function of many other immune cells like Th2 cells and iNKT cells through a mechanism of direct cell‐to‐cell contact and/or such cytokines as IL‐10 and TGF‐β.[17](#jcmm14008-bib-0017){ref-type="ref"}, [34](#jcmm14008-bib-0034){ref-type="ref"} Therefore, in this study, we investigate whether intraperitoneal administration of α‐GalCer can induce the generation of lung CD4^+^ FoxP3^+^ Treg cells in mice. In our current study, our results showed that intraperitoneal administration of α‐GalCer can promote IL‐10 production and expansion of CD4^+^ FoxP3^+^ Treg cells in the lung of WT mice, but not CD1d‐knockout mice. Therefore, the up‐regulation of IL‐10 production and expansion of CD4^+^ FoxP3^+^ Treg cells induced by α‐GalCer require iNKT cells. Furthermore, functional inactivation of Treg cells in vivo can suppress the production of IL‐10 in the BALF, whereas lung iNKT cells hardly produce IL‐10 in vitro in WT mice intraperitoneally administrated with α‐GalCer. Thus, α‐GalCer‐enhanced IL‐10 production in the lung is probably related to Treg cells in mice. However, in vitro culture experiment showed that iNKT cells activatied by α‐GalCer did not alter the suppressive activities of CD4^+^ FoxP3^+^ Treg cells. Furthermore, the functional inactivation of CD4^+^ CD25^+^ Treg cells with anti‐CD25 mAb can induce AHR and airway inflammation in WT mice intraperitoneally treated with α‐GalCer. Therefore, our findings raise the evidence that intraperitoneal administration of α‐GalCer can drive the expansion of lung CD4^+^ FoxP3^+^ Treg cells through the activated iNKT cells in WT mice. Previous studies have demonstrated that CD4^+^ CD25^+^ Treg cells can suppress the activation of iNKT cells.[35](#jcmm14008-bib-0035){ref-type="ref"}, [36](#jcmm14008-bib-0036){ref-type="ref"} Therefore, it is probable that lung CD4^+^ FoxP3^+^ Treg cells induced by the activated iNKT cells with intraperitoneal administration of α‐GalCer in turn may be necessary to down‐regulate the activation of iNKT cells and restore them to homeostatic conditions. However, our present results sharply differ from our previous findings showing that intraperitoneal administration of α‐GalCer prior to allergen challenge can promote Th2 response through inducing immunogenic maturation of lung dendritic cells (LDCs) in mouse models of asthma.[12](#jcmm14008-bib-0012){ref-type="ref"}, [37](#jcmm14008-bib-0037){ref-type="ref"} Therefore, our findings supported the notion that the opposite role of iNKT cells activated by α‐GalCer in different pathological settings may be partially related to the timing of α‐GalCer administration.[38](#jcmm14008-bib-0038){ref-type="ref"} Additionally, our present results significantly differ from the previous two reports showing that α‐GalCer administration can abrogate AHR and airway inflammation through the activation of iNKT cells and IFN‐γ production in asthmatic mice.[13](#jcmm14008-bib-0013){ref-type="ref"}, [39](#jcmm14008-bib-0039){ref-type="ref"}

IL‐2 has been suggested to be a T cell growth factor, and play a primary role in the development, survival, and activation of CD4^+^ FoxP3^+^ Treg cells.[23](#jcmm14008-bib-0023){ref-type="ref"}, [24](#jcmm14008-bib-0024){ref-type="ref"} Previous reports raised some evidence that murine and human NKT cells can express IL‐2 gene and/or IL‐2 protein in the presence or absence of α‐GalCer stimulation.[40](#jcmm14008-bib-0040){ref-type="ref"}, [41](#jcmm14008-bib-0041){ref-type="ref"} In our present study, our findings revealed that intraperitoneal administration of α‐GalCer can up‐regulate the production of IL‐2 protein and expression of IL‐2 gene in WT mice, but not CD1d‐knockout mice, hence providing the evidence that iNKT cells are responsible for elevated production of IL‐2 in WT mice intraperitoneally administrated with α‐GalCer. Furthermore, although not change the suppressive function of lung CD4^+^ FoxP3^+^ Treg cells, neutralization of IL‐2 can down‐regulate the expansion of lung CD4^+^ FoxP3^+^ Treg cells in WT mice intraperitoneally treated with α‐GalCer. In addition, neutralization of IL‐2 can reduce the secretion of IL‐10, the expression of FoxP3 mRNA and the frequency of CD4^+^ FoxP3^+^ Treg cells in vitro. Thus, our data revealed that it was probable that intraperitoneal administration of α‐GalCer can promote the generation of CD4^+^ FoxP3^+^ Treg cells through the up‐regulation of IL‐2 produced by the activated iNKT cells in WT mice.

In this study, the intraperitoneal injection was used as the route of administration of α‐GalCer, as previously reported,[13](#jcmm14008-bib-0013){ref-type="ref"} to investigate that α‐GalCer promoted the generation of lung CD4^+^ FoxP3^+^ Treg cells by activated iNKT cells in WT mice. An important question is that the route of intraperitoneal administration exposes α‐GalCer to the multiple complex immune cells, including peritoneal macrophages and perhaps direct exposure to the liver and this may induce some important biological effects. However, we compared the influence of intraperitoneal administration of α‐GalCer on the expansion and suppressive activity of lung Treg cells with intravenous administration of α‐GalCer in mice. Interestingly, our findings suggested that the effect of the two routes of administration of α‐GalCer on the expansion and suppressive activity of lung Treg cells were similar. Another important question is whether the generation of CD4^+^ FoxP3^+^ Treg cells induced by the activated iNKT cells with intraperitoneal delivery of α‐GalCer requires LDCs. Therefore, thorough investigations are necessary to confirm this in the future.

In conclusion, our study has highlighted that intraperitoneal administration of α‐GalCer can promote the generation of lung CD4^+^ FoxP3^+^ Treg cells in mice through the release of IL‐2 by the activated iNKT cells. It is well known that asthma has fewer and less functional Treg cells, and thus, asthma is a condition of dysregulated immune response.[40](#jcmm14008-bib-0040){ref-type="ref"}, [41](#jcmm14008-bib-0041){ref-type="ref"} Our preliminary data showed that α‐GalCer administration has the capacity to suppress the induction of airway inflammation and AHR upon following exposure to allergen, suggesting that α‐GalCer administration can induce airway tolerance. Therefore, our present study suggested that it is likely that intraperitoneal administration of α‐GalCer prior to the development of asthma disorder, which can promote the generation of lung CD4^+^ FoxP3^+^ Treg cells by the activated iNKT cells, may have potential as a therapeutic method for asthma. However, an important aspect of prophylactic treatment for allergic diseases is the determination of the time window of allergen sensitization so that the preventive interventions can be performed before allergen sensitization has occurred.[42](#jcmm14008-bib-0042){ref-type="ref"} As such, further study in this area will be required.
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